A B S T R A C T A method for studying inhibitors of the contact stages of blood coagulation is described. A number of positively charged substances were shown to inhibit the contact stages. The inhibitory substances include spermine, cytochrome c, ribonuclease, and lysozyme. The inhibitory effect of these substances was neutralized by the addition of an activated plasma thromboplastin antecedent, factor XI, (PTA) fraction. Other positively charged substances including protamine, hexadimethrine, polylysine, polyornithine, methylene blue, and ortho-toluidine blue also inhibited the contact stages of coagulation, but the inhibitory effect on coagulation was not neutralized by the activated PTA fraction. Negatively charged substances such as heparin and insulin did not inhibit the contact stages of coagulation.
A B S T R A C T A method for studying inhibitors of the contact stages of blood coagulation is described. A number of positively charged substances were shown to inhibit the contact stages. The inhibitory substances include spermine, cytochrome c, ribonuclease, and lysozyme. The inhibitory effect of these substances was neutralized by the addition of an activated plasma thromboplastin antecedent, factor XI, (PTA) fraction. Other positively charged substances including protamine, hexadimethrine, polylysine, polyornithine, methylene blue, and ortho-toluidine blue also inhibited the contact stages of coagulation, but the inhibitory effect on coagulation was not neutralized by the activated PTA fraction. Negatively charged substances such as heparin and insulin did not inhibit the contact stages of coagulation.
Cytochrome c inhibited Celite adsorption of a partially purified Hageman factor fraction, and cytochrome, ribonuclease, spermine, and lysozome inhibited the adsorption of Hageman factor from PTA-deficient plasma. Very much smaller quantities of Celite completely adsorbed Hageman factor from the fraction rather than from whole plasma, which suggested the possibility that plasma contains an inhibitor or inhibitors of Hageman factor adsorption.
Furthermore cytochrome c, spermine, ribonuclease, and lysozyme inhibited the coagulant activity of the following activators of the Hageman and PTA factors: Celite, kaolin, sodium stearate, ellagic acid, and skin. It is suggested that negatively charged sites on these activators are critical for adsorption and activation and that inhibition results from neutralization of the negatively charged sites by the adsorbed inhibtor. Tests with polylysine polymers indicate that inhibitory activ- INTRODUCTION Blood coagulation can be initated by contact with surfaces which include silica compounds, ellagic acid, sodium stearate, human skin, and collagen (1) . The initiating stimulus is mediated by the plasma proteins Hageman factor (factor XII) and plasma thromboplastin antecedent (PTA, factor XI). The circumstances under which such activation occurs in vivo are unknown and the physical properties responsible for the coagulant activity of activators are undefined, although the importance of wettability (2) and of negative charge (3) have been postulated. Investigation of these problems may be facilitated by the use of specific inhibitors. Previous personal observation suggested that quaternary ammonium ion detergents might inhibit surface activity, and Haanen, Hommes, and Morselt (4) suggested that glass coated with protamine does not activate Hageman factor. Starting with these observations we will report in the present study the development of tests for studying inhibitors of the contact phase of blood coagulation, describe a number of substances that were found to have inhibitory activity and demonstrate their mode of action.
METHODS
Silicone-treated glass tubes and pipettes and polystyrene tubes for blood collection were used. Glass tubes (10 X 75 mm I.D.) were coated twice with 10% Siliclad (ClayAdams, Inc., New York) and baked 1 hr at 80'C after each coating. The tubes were used once for clotting and discarded. Normal, noncontact, platelet-poor plasma (10, ,000 platelets per mm8) (5) and 0.145 M saline buffered with barbital acetate at pH 7.40 were prepared as previously described (7) . Untreated Celite 512 (Johns-Manville, New York) was used for making elu-ates. Cephalin prepared by the method of Bell and Alton (6) was used in a 1/100 dilution in saline. Calcium chloride (J. T. Baker Chemical Co., Phillipsburg, N. J.) was dissolved in distilled water to the required molarity. Thromboplastin was an extract of human brain made as described by Biggs and Macfarlane (7) and the thrombin preparation (Fibrindex) was of human origin and supplied by Ortho, Raritan, N. J.
The chemicals used were obtained from the following suppliers: Cohn fractions I-VI, lysozyme (3 X crystallized), arginine monochloride, tyrothricin, gramicidin, DL-lysine hydrochloride, ribonuclease (3 X crystallized), and cytochrome c (equine heart) from Nutritional Biochemicals Corporation, Cleveland, Ohio; spermine tetrahydrochloride and papain from Calbiochem, Los Angeles, Calif.; poly-DL-lysine and poly-DL-ornithine from GallardSchlesinger Chemical Mfg. Corp., Carle Place, New York. Graded poly-L-lysine polymers were obtained from Miles Chemical Co., Elkhart, Ind. Three polymers, 2000-6000, 30,000-50,000, and 80,000-120,000 mol wt, were used. 4000, 40,000 and 100,000 mol wt, respectively, were used to calculate molar concentration. a-Chymotrypsinogen and trypsinogen were obtained from C. F. Boehringer and Sons, Mannheim, Germany; heparin sodium from Upjohn Co.; hexadimethrine bromide (polybrene) from Abbott Laboratories, Chicago, Ill.; protamine sulfate from Eli Lilly & Co., Indianapolis, Ind.; cetyl trimethylammonium bromide, 3,7-bis (dimethylamino) phenazathionium chloride (methylene blue) and ortho-toluidine blue from J. T. Baker Chemical Co., N. Phillipsburg, N. J.; ellagic acid from K. and K. Laboratories, Jamaica, N. Y. and stearic acid from Price, Bromborough Pool, New Ferry, England. All of these were tested at concentrations from 10 ,g to 10 mg/ml in buffered saline, except heparin, which was tested over a range of 1-10 U/ml, and sodium stearate and ellagic acid which were tested at the concentrations shown in Table IV . Hageman factor was prepared as described by Ratnoff and Davie (8) . Using the definition proposed by Ratnoff and Davie (8) that 1 U of Hageman factor is the amount of activity present in 1 ml of pooled normal human plasma, the preparations used had a specific activity of 6-10. A screening test for inhibition of the contact stages was carried out as follows: 0.1 ml volumes of normal plasma, the test substance, and cephalin were sequentially added to a silicone-treated test tube. After 30 sec, incubation at 37°C, 0.1 ml of Celite suspension (20 mg/ml of buffered saline) was added and the tube was agitated intermittently. Exactly 60 sec after adding the Celite, the mixture was recalcified with 0.1 ml of 0.025 M CaCl2 and the time required to form a solid clot was recorded. The ability of activated PTA to neutralize any anticoagulant effect demonstrated by the test material was tested by adding the same reagents in the same sequence, except that 0.1 ml of Celite eluate (activated PTA) replaced the Celite suspension and the CaCla was added immediately after the Celite eluate.
Celite eluates were prepared and tested, as previously described (5) , with minor modifications. Unless otherwise specified, 0.1 ml of test reagent was added to 4 mg of Celite in a silicone-treated 10 X 75 mm test tube. After 5 min incubation at 37°C, 1 ml of citrated noncontact plasma was added and the tube inverted every 2 min for 10 min at 37°C. The Celite was separated by centrifugation, the supernatant fluid was decanted, and the Celite was washed three times with distilled water. The Celite eluted with 2 ml of 1.71 M saline buffered with barbital acetate at pH 7.40. The elution was carried out for 10 min at 37°C, the Celite was separated by centrifugation, and the supernatant fluid was dialysed overnight against 0.145 M buffered saline. Eluate activity was measured by acceleratory effect on the clotting time of normal noncontact plasma (5, 9) . The clotting mixtures were 0.1 ml of normal noncontact plasma, 0.1 ml of cephalin, incubated for 1 min at 37°C, 0.1 ml of eluate diluted in 0.145 M buffered saline, and 0.1 ml of 0.025 M CaC12. The clotting times were plotted against dilution on double logarithmic paper and the activity of the test eluate expressed as a percentage of that of the control eluate. The activated PTA preparations used were Celite eluates made from normal citrated plasma (5, 9, 10, 11) . This preparation probably contains some activated Hageman factor activity as well as activated PTA, but is free from other known clotting factors.
The protein concentration of the activated PTA preparation was 0.36 mg/ml. Hageman factor was measured by a previously described method (5) that is similar to the method described by Ratnoff and Davie (8) . The clotting mixture consisted of the following reagents added sequentially: 0.1 ml volumes of Hageman-deficient plasma, test solution diluted in citrate-saline, cephalin (1 volume of 4%o trisodium citrate to 5 volumes of 0.145 M saline), and Celite (20 mg/ml); after 1 min incubation at 37°C, 0.1 ml of 0.050 M CaCl2 was added and the clotting time measured. The clotting time was plotted against the dilution of the test solution on double logarithmic paper and the activity of the test solution calculated as a percentage of the control solution, which was usually pooled normal citrated plasma. PTA, PTC, and antihemophilic factors were tested for in exactly the same way as Hageman factor, except that the appropriate substrate plasma from a congenitally deficient subject was substituted for Hageman-deficient plasma.
Protein concentration was measured as described by Lowry, Rosebrough, Farr, and Randall (12) . Dialysis was carried out with constant stirring for 16 hr at 4°C, using 4/32" flat-width dialyzer tubing. The skin contact experiment was carried out as previously described (19) . 0.01 ml of cytochrome c (10 mg/ml) or saline was layered on an 8 mm diameter area of skin and 0.09 ml of solution was added to the plasma, which was incubated in contact with the skin for 1 min before adding cephalin and calcium and timing the formation of a solid clot.
RESULTS
Screening test for inhibition of the contact phase of blood coagulation. In this test, inhibitory activity of the test material is studied in a Celite-activated partial thromboplastin time system in which the initial reactions are activation of the Hageman and PTA factors by Celite.
Anticoagulant effect resulting from interposing the test substance between the Celite and plasma may be due to inhibition of any stage of the clotting process. It is suggested that (a) if the anticoagulant effect is neutralized when activated PTA is substituted for Celite, inhibition of the contact stages is likely, since activated PTA bypasses these stages specifically; (b) if activated PTA significantly reduces the anticoagulant effect without restoring the clotting time to the normal range, it is likely that the anticoagulant is active against the later stages of coagulation as well as the contact stages; and (c) if activated PTA does not neutralize anticoagulant activity, only the later stages are affected.
When protamine sulfate was tested, concentrations up to 0.02 mg/ml inhibited the clotting of plasma activated by Celite or plasma activated by (Fig. 1 a) . With higher concentrations of protamine there was partial reversal of the anticoagulant effect in the presence of activated PTA but progressive prolongation of the clotting time of Celite-activated plasma. Substances which inhibit the clotting of Celite-activated plasma are listed in Table I . Ortho-toluidine blue, cetyl trimethylammonium bromide, methylene blue, hexadimethrine, protamine sulfate, polylysine, and polyornithine markedly prolonged the clotting of plasma activated by Celite or by activated PTA; whereas spermine, cytochrome c, ribonuclease, and lysozyme inhibit the clotting of Celite-activated plasma specifically (Fig. 1 b, Table I CELITE (mg/ml) FIGuRE 3 The activity of Celite eluates made from plasma added to mixtures of varying amounts of Celite and a constant concentration of cytochrome. 0.4 ml of 4 mg/ml cytochrome was added to Celite. 1 ml of plasma was added and eluates were made and tested (X-X). 0.4 ml of buffered saline replaced cytochrome (*-0).
tion. Activated PTA is eluted from the Celite with hypertonic saline and the technique makes it possible to study the contact stages separately from the later stages of coagulation (5, 10) . Specific test for inhibition of the contact stages of blood coagulation. Cytochrome added to Celite prevented the formation of activated PTA when plasma was subsequently added and eluates prepared (Fig. 2) . No inhibition resulted when plasma and Celite were preincubated before adding cytochrome, indicating that cytochrome inhibits Celite-plasma interaction. The inhibitory effect of cytochrome can be almost completely overcome by inhibitory.
excess Celite (Fig. 3) . Positively charged substances that inhibited the formation of activated PTA are listed in Table I . Negatively charged substances such as insulin and heparin did not inhibit activated PTA formation. Arginine, lysine, a-chymotrypsinogen, trypsinogen, and Cohn fractions I, II, III, IV-1, IV-4, and V were also not In the next experiment, Hageman factor, PTA factor, and cytochrome were added to Celite in different sequence, eluates were prepared, and coagulant activity measured. When cytochrome addition preceded Hageman factor, complete inhibition resulted, whereas practically no inhibition occurred when cytochrome addition followed Hageman factor (Table II) .
Lysozyme and ribonuclease produced similar effects to cytochrome, but when protamine or spermine were substituted for cytochrome in the experiment described in Table II , significant inhibi- tion resulted when the test substance was added after Hageman factor.
It was thought that cytochrome might be adsorbed to the surface of Celite and prevent Hageman factor adsorption. Cytochrome was added to Celite, the Celite washed 10 times with distilled water, plasma was added, and an eluate made. CELITE (mg/ml) FIGuRE 4 a Residual Hageman factor activity in Hageman factor preparations exposed to Celite coated with cytochrome. Different quantities of Celite were coated with 0.1 ml of cytochrome (10 mg/ml). The Celite was washed three times with 10 ml of distilled water. 1-ml aliquot of Hageman factor was mixed with the Celite for 10 min at 37'C. The Celite was deposited by centrifugation and the activity of the supernatant Hageman factor solution was measured. PTA-deficient plasma was used as a source of Hageman factor. Eluates made from Celite treated in this way had reduced coagulant activity. Inhibition of Hageman factor adsorption. Complete removal of Hageman factor from PTAdeficient plasma resulted from adsorption with 40 mg of Celite per ml of plasma, and from the partially purified Hageman factor fraction by adsorption with 2 mg of Celite per ml of solution. Prior coating of the Celite with cytochrome markedly inhibited adsorption from plasma or fraction (Fig. 4) . Coating of the Celite with ribonuclease, CELITE (mg/ml ) thrombin or prothrombin clotting time of normal plasma (Table III) .
Effect of cytochrome on other activators of
Hageman and PTA factors. Cytochrome inhibited the clot-promoting activity of kaolin, sodium stearate, ellagic acid, and human skin (Table IV) . Spermine, ribonuclease, and lysozyme similarly inhibited the clot-promoting effect of the various activators.
Effect of different size polylysine polymers on activated PTA formation. The inhibitory effect of three polylysine polymers on activated PTA formation is shown in Table V . Inhibitory activity appeared to be almost directly proportional to molecular weight at the three molecular weights tested (4000, 40,000, and 100,000).
DISCUSSION From the data recorded in Figure 1 a it seems likely that concentrations of protamine sulfate above 0.02 mg/ml inhibit the contact stages of coagulation, as suggested by Haanen et al. (4) . However, they also affect later stages, in accordance with the observations of Breckenridge and Ratnoff (13) who showed that protamine inhibits the action of activated factor X, and the observations of Shanberge and Fukui (14) who indicated that factor IX activation was inhibited. The reversal of the anticoagulant effect at high concentrations of protamine (Fig. 1 a) may be due to a procoagulant effect on the thrombin-fibrinogen reaction. In view of the complex effect produced by protamine, most of the studies were carried out with cytochrome c, which appears to inhibit the contact stages specifically.
Cytochrome c prolongs the clotting time of Celite-activated plasma and since the anticoagulant effect is abolished by substitution of activated PTA for Celite, it is suggested that the action of cytochrome is confined to the contact stages of coagulation. This suggestion is supported by the lack of effect on the thrombin and one-stage prothrombin times and the finding that cytochrome added to Celite prevents the formation of activated PTA when plasma is subsequently added. The precise stage at which cytochrome acts is indicated by the results of the experiment shown in Table II . Cytochrome had no inhibitory effect when added to Celite preincubated with Hageman factor, but completely prevented PTA activation when added to Celite before adding Hageman factor. Cytochrome therefore inhibits a reaction between Celite and Hageman factor, but not between activated Hageman factor and PTA factor. A possible explanation of these findings is that cytochrome prevents adsorption of Hageman factor by Celite and this suggestion is confirmed by the results of the experiments shown in Fig. 4 . It is inferred that activation of Hageman factor is prevented by blocking of adsorption. Because cytochrome inhibits the coagulant activity of all the Hageman factor activators tested, it is further inferred that adsorption of Hageman factor to the activator is essential for activation. Precisely how adsorption of Hageman factor leads to activation is uncertain. The only evidence on the question has been provided by Donaldson and Ratnoff (15) who reported that activation of purified Hageman factor resulted in increased sedimentation on a sucrose density gradient. Activation of Hageman factor in whole plasma was however not accompanied by altered sedimentation.
The nature of the forces binding the Hageman molecule to the activator are unknown, but some suggestion may be made about the activator binding sites. All the substances inhibiting the contact stages of coagulation are positively charged, and negatively charged substances such as heparin (4, 16) and insulin did not inhibit the contact stages. The inhibitors varied in molecular size as indicated by molecular weights ranging from 305-100,000. The results of testing the polylysine polymers indicated that inhibitory activity is a function of size, as indicated by molecular weight over the range of 4000-100,000. Lysine itself was inactive which indicated that a minimum size is required for inhibitory activity. From these data it is suggested that the positively charged substances cover negatively charged sites on the Celite surface, and since several positively charged substances inhibit the coagulant activity of all the Hageman activators tested, it is likely that negatively charged sites are critical to Hageman factor adsorption and activation. These inferences are in agreement with the findings of Hubbard and Lucas (17) , who measured surface negative charge area with the use of Ag(NH3)2+ and Br. Hageman and PTA factor activators such as kaolin, collagen, stearic acid, and live skin were all found to absorb Ag-(NH3)2+ and were consequently thought to have considerable negative surface charge. The data and inferences also correlate with the findings of Margolis (3), who reported a correlation between clotpromoting activity and ability to adsorb the positively charged dye toluidine blue. One may suspect that any sufficiently positively charged substance above a minimum critical size will inhibit Hageman factor adsorption and activation. In support of this suggestion, spermine, ribonuclease, and lysozyme gave qualitatively similar results to cytochrome when tested in the experiments described in Table II and Fig. 4 a. A possible explanation for the difference in the results recorded in Figs. 4 a and 4 b is that normal plasma contains substances which inhibit Hageman factor adsorption, and presumably, activation. Ratnoff and Rosenblum (20) specifically suggested that normal plasma contains an inhibitor of Hageman factor activation and Hageman factor-deficient plasma has been shown to inhibit Hageman factor activation by these workers and by others (4, 5, 21, 22) . In order to establish the presence of such an inhibitor in normal plasma, it would be necessary to isolate inhibitory activity from normal plasma.
Hageman factor has a number of biological activities besides initiating coagulation (3). Ratnoff and Rosenblum (20) showed that protamine sulfate and hexadimethrine bromide inhibited the induction of increased capillary permeability in guinea pig skin by activated Hageman factor. Their experiments may also have reflected an effect upon activation, but this is unclear from the data presented.
Eisen (18) has provided evidence that hexadimethrine bromide inhibits surface-induced plasma kinin formation, hydrolysis of p-tosyl-l-arginine methyl ester, and fibrinolysis. It is suggested that the inhibitors described above may inhibit the induction of capillary permeability-inducing activity, plasma kinin formation, and fibrinolysis (23) by glass and similar surfaces.
